Membrane curvatures are involved in essential cellular processes, such as endocytosis and exocytosis, in which they are believed to act as microdomains for protein interactions and intracellular signaling. These membrane curvatures appear and disappear dynamically, and their locations are difficult or impossible to predict. In addition, the size of these curvatures is usually below the diffraction limit of visible light, making it impossible to resolve their values using live-cell imaging. Therefore, precise manipulation of membrane curvature is important to understanding how membrane curvature is involved in intracellular processes. Recent studies show that membrane curvatures can be induced by surface topography when cells are in direct contact with engineered substrates. Here, we present detailed procedures for using nanoscale structures to manipulate membrane curvatures and probe curvature-induced phenomena in live cells. We first describe detailed procedures for the design of nanoscale structures and their fabrication using electron-beam (E-beam) lithography. The fabrication process takes 2 d, but the resultant chips can be cleaned and reused repeatedly over the course of 2 years. Then we describe how to use these nanostructures to manipulate local membrane curvatures and probe intracellular protein responses, discussing surface coating, cell plating, and fluorescence imaging in detail. Finally, we describe a procedure to characterize the nanostructure-cell membrane interface using focused ion beam and scanning electron microscopy (FIB-SEM). Nanotopography-based methods can induce stable membrane curvatures with welldefined curvature values and locations in live cells, which enables the generation of a library of curvatures for probing curvature-related intracellular processes.
Introduction
Conformational changes of cell membranes occur in a variety of essential biological processes, including cell division, morphogenesis, migration, cytokinesis, intracellular signaling, and vesicle trafficking. Deformed membranes can have either a positive curvature (toward the cytoplasm) or a negative curvature (toward the extracellular space). For example, endocytosis, through which cells take in ligands and liquids from the environment, typically involves the formation of a positive membrane curvature 1, 2 . In the process of clathrin-mediated endocytosis (CME), clathrin and many other proteins coordinate to bend the membrane and generate clathrin-coated pits. Dynamin is then recruited to the neck region and cleaves the pits from the plasma membrane to yield endosomal vesicles inside the cell. By contrast, a negative curvature can be found in cellular protrusions such as filopodia and cilia. Filopodia are involved in cell migration and sensing of chemotropic cues 3 , whereas cilia can serve as important sensory organelles 4 . Examining how these morphological features of cell membranes play a role in cellular functions is important to our understanding of cell biology and the pathologic states of these pathways 5, 6 . It is now widely understood that membrane curvature is more than a simple consequence of cellular processes; instead, regulation of membrane curvature provides an active topographical hub that promotes protein interactions and intracellular signaling. For example, endocytosis has been found to be intimately linked with cellular signaling pathways. As clathrin scaffolds the invaginating membrane during CME, activated receptors in the plasma membrane are recruited by interaction with clathrin adaptor proteins, which results in the formation of a signaling hub on the plasma membrane 2 . Endocytic vesicles are subsequently able to transport receptors to the intracellular space to regulate signaling. Similarly, cilia are present in many cells and play critical roles in signal transduction, particularly the sonic hedgehog signaling pathway 7 . In general, membrane curvature is believed to participate in signaling by locally concentrating specific signaling molecules, thereby increasing their chemical activity.
Membrane curvature may arise from different, but often concerted, mechanisms such as the accumulation of membrane-shaping proteins, lipid asymmetry with different-sized head groups, and cytoskeletal forces 6 . The BAR-domain proteins (named after Bin, amphiphysin, and Rvs proteins), which feature a 'banana-shaped' structure, represent an important class of membrane-shaping proteins 8 . Subfamilies of BAR proteins sense and generate both positive membrane curvature (N-BAR and F-BAR proteins) and negative membrane curvature (I-BAR proteins) 9, 10 . Their existence and functions have been reported in important cellular activities such as endocytosis 11 , and neuronal differentiation and outgrowth 12 . Besides protein-mediated regulation of membrane curvature, the biophysical properties of lipid bilayers can induce membrane deformations. The size of the lipid headgroup and its asymmetric distribution over the two leaflets of the bilayer membrane may favor a particular orientation and degree of membrane curvature. For example, phosphatic acid and lysophosphatidic acid, which are interconvertible, favor opposite orientations of spontaneous curvature 13 . Importantly, the aforementioned proteins and lipids not only deform the membrane to certain curvatures, but also are preferentially recruited to curved membranes. Therefore, membrane curvature itself can directly act as a biochemical signal by attracting curvature-sensing proteins and lipids that are involved in intracellular signaling.
Platforms for studying cell membrane curvature
In addition to the regulation of membrane curvature by (intra)cellular proteins and lipids, the plasma membrane can also be deformed by the topographic features of biomaterials or biomedical devices that are in contact with cells. Therefore, by inducing membrane curvature, surface topography can potentially be used to regulate intracellular signaling and cell behavior.
Implantable devices with nanoscale surface topographies, particularly vertical nanostructures, have been found to induce an intimate contact between the devices and the cell membrane, giving rise to enhanced sensing or modulating performance 14, 15 . In the context of engineering the surface of implants, this cell-topography interaction opens up a variety of solutions for improving the implants' performance [16] [17] [18] . In particular, titanium (Ti) implants with roughened surfaces are found to promote cell attachment and device integration 19 . At the cellular level, the presence of nanoscale features affects stem cell differentiation 20 , proliferation 21 , and migration 22 . For example, nanopillars stimulate osteogenic differentiation of mesenchymal stem cells (MSCs) 23 , nanogratings steer MSCs toward the neuronal lineage 20 , and Ti nanoroughs modulate macrophage activity 24 . Therefore, using surface topography to control cell behavior offers a valuable approach to tissue engineering and regenerative medicine.
To understand the functional effects of membrane curvature, in vitro experimental tools and simulations have been developed, aiming to manipulate membrane curvature with precision at the relevant length scales. Giant unilamellar vesicles (GUVs, usually 5-50 μm in diameter) are visible by optical microscopy, and micromanipulation with a pipette can generate tubular structures of tens to hundreds of nanometers in diameter from them. These structures have been used in studies of curvature-sensitive proteins, in which tubular diameter and membrane tension can be tuned 25, 26 . Small vesicles (usually 50-500 nm in diameter) can be tethered to a substrate, and the binding of curvature-sensitive proteins to vesicle surfaces can be quantified by fluorescence microscopy 27 . Coarse-grained simulations have been used to model the movement of molecules in systems much larger than all-atom simulations. These types of simulations were applied to analyze the effects of membrane tension, protein density, and lipid composition in regard to the aggregation of curvaturerelevant proteins [26] [27] [28] . The functions of membrane curvature and curvature-related proteins and processes have also been studied extensively in cells. However, precisely controlling the location and the degree of curvature in cells has been challenging. Membrane curvature in cells has been perturbed to some extent by intentional hypertonic osmotic shocks that lead to cell shrinking and a curved plasma membrane 29 , and by overexpression of curvature-generating proteins (e.g., formin-binding protein 17 (FBP17)), which induces membrane tubulation 30 . But those global effects fail to pinpoint the location of membrane curvature. The membrane curvature value (i.e., the diameter of curvature) is also difficult to control, not only because of the limitations of those perturbations to the dynamic and complex system of cell membranes, but also because membrane curvature values in many cellular processes are beyond the diffraction-limited resolution of standard optical microscopy.
Our group and others have recently shown that nanoscale structures can induce stable and well-defined membrane curvatures in live cells. A variety of nanostructures, particularly sparsely distributed vertical nanostructures, have been fabricated to interface with live cells [31] [32] [33] [34] . Fluorescence imaging 35 and electron microscopy 36 revealed that the plasma membrane tightly wraps around nanostructures to generate stable membrane curvatures 37 . The shape and the position of the nanostructure determine the precise value and the location of membrane curvatures on the plasma membrane. These nanostructure-induced membrane curvatures have been shown to recruit curvature-sensing BAR proteins and also to substantially enhance curvature-dependent processes such as CME. Beyond the plasma membrane, tall nanopillars are found to deform the nuclear envelope and potentially contribute to gene expression regulation 38 . Mounting research demonstrates the use of nanostructures in investigating the phenomena associated with cell membrane deformation.
In this protocol, we describe step-by-step procedures for designing, fabricating, and characterizing nanostructure platforms that can be used to study intracellular processes reliant upon membrane curvature. These nanostructure platforms are compatible with fluorescence imaging in live cells 39 . We also describe an electron microscopy method that uses FIB-SEM for detailed characterization of the interface between cells and nanostructures 36 .
Overview of the protocol
The platform technology we developed for manipulating cell membranes involves chips with configurable nanostructures (namely nanochips), cell culture on the nanochips, and the FIB-SEM technique. Accordingly, the method described in this protocol consists of three stages. First, we introduce the design of the nanochip in computer-aided design (CAD) software and the fabrication of these nanostructures using the E-beam lithography (Steps 1-47). Second, we describe the surface cleaning and coating procedures for using these nanochips for cell culture and fluorescence imaging (Steps 48-66). When cleaned properly and handled carefully, these nanochips can be reused at least 50 times over 2 years. Third, we present the FIB-SEM technique, which can be used to characterize the membrane-nanostructure interface at the nanometer scale (Steps 67-120). We note that the membrane-nanostructure interface is also compatible with other characterization methods, such as immunostaining and scanning probe microscopy.
Applications of the protocol
The capability to precisely control membrane curvature in cells is highly desirable for investigating cellular processes that are affected by membrane deformation. Our nanostructure platform affords such a capability, which paves the way for a wide range of applications. Our previous studies demonstrated that the engineered nanostructures induce the conformal wrapping of the plasma membrane to generate curvatures 36, 38, 39 . These nanostructure-induced membrane curvatures host local recruitments of intracellular curvature-sensing proteins. Curvature-sensing proteins subsequently recruit other binding and signaling proteins through protein-protein interactions, which affects the associated cellular processes. E-beam writing used in the nanofabrication procedure generates nanostructures with a diameter of curvature from <100 nm to micrometers, which covers a wide range of membrane curvatures that are involved in cell activity. Furthermore, the nanostructures on our chips can achieve both positive (into the cytoplasm) and negative (toward the extracellular space) membrane deformations. Although we describe the fabrication procedure for silicon (Si) and quartz chips here, the fabrication method can be adapted to other materials. Therefore, it is possible to combine both nanostructures with other material characteristics (such as the tunable rigidity of polydimethylsiloxane).
Quantitative measurements of the curvature preference of curvature-sensitive proteins Curvature-sensitive proteins bind to membranes of certain curvature orientations and values, depending on the molecular structures of the proteins. For example, all BAR-domain proteins dimerize to form banana-shaped structures as a prerequisite for sensing curvature. The observation that the F-BAR domain generates tubules larger than those of the N-BAR domain implies that the F-BAR domain may sense curvature with a larger diameter 40 . By contrast, I-BAR proteins prefer a negative membrane curvature 41 . Other proteins are curvature sensitive through mechanisms such as oligomerization or amphipathic helix insertion and have distinct curvature preferences 42 . The binding of such proteins to curved membranes also leads to the preferential recruitment of other signaling PROTOCOL NATURE PROTOCOLS proteins. Although it is important to quantitatively measure the curvature preferences of different curvature-sensitive proteins, it has been challenging to determine the value and the orientation of membrane curvature in live cells.
The protocol described here enables the generation of a curvature library (i.e., positive and negative curvatures with varying curvature values) of nanostructures designed with great freedom and fabricated with high precision. A gradient array of membrane curvatures can be generated in the same cell, which provides an ideal system to quantitatively measure the curvature preference of a cellular protein. For example, mammalian cells expressing fluorescently labeled curvature-sensitive proteins can be imaged by live-cell imaging. The accumulation of proteins at different curvature values can be measured by their fluorescence intensity. Analysis of the quantitative relationship between protein accumulation (normalized by the membrane area) and curvature value then yields a curvature preference profile for a given curvature-sensitive protein. The same quantification method can also be used for endogenous proteins with immunostaining. With this method, we have reported that amphiphysin 1 strongly prefers a 150-nm-diameter positive curvature as compared with a flat surface 39 . We also used nanopillars of a range of radii (from 50 to 500 nm) to show that dynamin 2 (DNM2) is more likely to accumulate on a curved membrane with a smaller radius (e.g., a 64-nm curvature as compared with a 130-nm one). These initial studies demonstrate the quantitative nature of this method. We expect that negative curvatures can also be generated in the plasma membrane by nanohole structures in order to study I-BAR domain proteins and other negative-curvature sensing proteins.
It is worth noting that in the live-cell system described here, the accumulation of a specific protein on nanostructures may be a consequence of the curvature sensitivity of a protein in the upstream signaling pathway. It is possible to disrupt the upstream signaling pathways to interrogate the specific molecular process involved. For the sole purpose of verifying whether a specific protein is curvature sensitive, clean in vitro models (such as GUVs) can be more efficient. The GUVs allow easy adjustment of tension and control of protein amount, which may lead to the insights into the physical mechanism of curvature sensing.
Studying the effects of membrane curvature on intracellular processes Many cellular processes involve plasma membrane curvature, including endocytosis, filopodia, and neurite outgrowth. Curvature-sensitive proteins participating in these processes often contain a curvature-sensing domain and one or more signaling domain(s) that interact with other proteins involved in the process. Therefore, membrane curvatures can actively modulate the dynamics and frequency of these intracellular processes through the recruitment of curvature-sensitive proteins. Without the ability to precisely manipulate membrane curvature in cells, the generation of membrane curvature is highly dynamic, and neither the curvature value nor the curvature location is controllable. It is therefore difficult to isolate how membrane curvatures actively affect intracellular processes.
The nanostructure platform described here allows direct manipulation of the plasma membrane curvature and can be used to investigate how membrane curvature actively affects intracellular processes. For example, we previously demonstrated an application of this method in studying CME 38, 39, 43 . By analyzing CME dynamics on the nanochips, we found that the occurrence frequency of CME events per unit area is six times higher on curved membranes with a 150-nm radius of curvature than on flat membranes. Furthermore, the lifetimes of DNM2 and clathrin are shorter on curved membranes as compared with flat membranes. These observations suggest that nanopillarinduced membrane curvatures are hotspots of CME, and that pre-curved membranes probably reduce the energy barrier to the membrane bending in CME. Besides addressing endocytosis, nanopillars were also shown to induce local actin accumulation in a curvature-dependent manner 39 , and we are currently investigating how membrane curvature actively participates in regulating actin dynamics. Furthermore, many groups have shown that nanostructures directly affect cell behavior such as neurite outgrowth 44, 45 and stem cell differentiation 20, 23, 46 . Membrane curvature and curvature-sensing proteins are probably involved in these nanostructure-induced functional changes. The nanostructure platform described here would afford a new and quantitative approach to investigating these phenomena.
Investigating cellular interactions with topographic features
The third part of this protocol describes a FIB-SEM method for characterizing the interface between cells and vertical nanoscale structures by means of FIB milling and SEM imaging 31, 47, 48 .
Although using nanostructures to improve the performance of biomedical devices (particularly Ti implants) has led to exciting achievements, our understanding of the interactions between specific cell types and topographies is limited. Transmission electron microscopy (TEM) is currently the primary technique used to reveal nanometer-scale structures and allows detailed analysis of the cell-tosubstrate interfaces. However, TEM requires sectioning of the resin-embedded samples into thin slices with a diamond knife, a procedure not compatible with hard substrates such as SiO 2 or Ti. In addition, in a TEM thin section, information about morphological features and their corresponding cellular locations is lost. To find sites of interest, e.g., nanostructure locations, one must carry out many rounds of sectioning and imaging. The FIB-SEM technique described here offers in situ examination of the membrane-to-material interface without blind sectioning and without the loss of cellular context. The ultrathin plasticization (UTP) procedure allows preservation and visualization with high contrast and resolution of cellular ultrastructures. Taken together with nanostructures, we anticipate that this technique will find many applications in investigating cell-topography interactions. As an example, we previously examined how the cleft distance between the cell membrane and the material surface is affected by nanostructures of different shapes 36 . In this study, we grew HEK, HL-1, and PC12 cells on nanochips, all of which were preserved with the UTP technique after a few days of culture. Samples were first examined in large areas by SEM. Once a desired location-such as a point at which a cell membrane was in contact with a nanostructure-was identified, FIB was used to cut through the sample to reveal the interface, which was then imaged by SEM. Our study showed that nanopillar structures induce a much smaller cleft distance than flat surfaces or nanopores do. Furthermore, we examined nanostructures of both quartz and polystyrene sulfonate (PEDOT). Although the two materials have distinctive Young's moduli (∼80 GPa for quartz and ∼1 GPa for PEDOT), the cleft distances are mainly determined by topography. The FIB-SEM technique can also be used to examine how tissues integrate with Ti implants by allowing direct ultrastructural analysis of the cell-Ti interface of different topographical features and chemical modifications. This will assist in the development of new implants with improved tissue integration.
Advantages and limitations
Several existing techniques have been used to perturb or induce membrane curvatures in cells, such as osmotic pressure shock of the cells 29 , pipette pulling 49 or atomic force microscope (AFM) indentation of the cell membrane 50 , and overexpression of curvature-generating proteins to generate randomly formed membrane tubules 40 . TEM is often used to determine the precise curvature values. The use of nanostructures to induce membrane curvatures in live cells affords several advantages. In comparison with previous approaches, (i) nanostructures induce stable and high-throughput membrane curvatures; (ii) nanostructure-induced membrane curvatures occur at specific and easily identifiable locations that are defined by E-beam lithography; (iii) the curvature values of nanostructure-induced membrane curvatures are determined by the sizes and shapes of the nanostructures, which are well controllable; and (iv) complex nanostructures and arrays can be produced to induce membrane curvatures of different values in the same cell. This provides an ideal platform for detailed investigation of how curvature orientation (i.e., positive or negative) and curvature values affect molecular processes. In addition, the FIB-SEM technique described in this protocol allows direct imaging of the interface between the cell membrane and the nanostructures, which reveals information inaccessible by TEM.
There are potential limitations worth noting when evaluating whether the method described in this protocol suits a specific research purpose. First, membrane curvatures generated by nanostructures are stable. For studies that require dynamic changing of membrane curvatures, active manipulation methods such as osmotic shocks and pipette pulling are probably better options. Second, the relatively complex nanofabrication potentially poses another type of limitation. The E-beam-based nanofabrication requires cleanroom facilities and specialized equipment items (in particular, an E-beam writer and a dry etcher). Successful fabrication depends on important details such as substrate cleaning, the configuration of the E-beam writer, sonication time in liftoff, and heat transfer facilitation in dry etching. Possible issues and solutions are described in this protocol, and we advise users to fine-tune the critical steps and inspect the sample after each critical step when carrying out this protocol, because the equipment conditions may vary in different facilities. If the precise control of the size and shape of the fine nanostructures is not a priority, it is worth considering alternative nanofabrication methods that are simpler and cheaper, such as nanoparticle-masked etching 51 and chemical synthesis 52 .
Experimental design

Selection of the nanochip substrate
In this protocol, we describe the fabrication of quartz substrates in detail. The same protocol can be adapted to the fabrication of Si substrates with minor modifications. Nanostructures can also be made from other materials that are compatible with the lithography process. A key consideration is whether the material is compatible with cell culture. Another important consideration is the material's compatibility with the imaging or testing methods. Some materials, such as quartz, are transparent, whereas others, such as Si, are not. Other material properties (such as porosity, rigidity, and chemical composition) may also affect cell behavior, so they should be scrutinized according to the research purpose. Of note, it is well known that cells sense rigidity via mechanotransduction pathways, resulting in global changes such as transcriptional activation in the nucleus. Substrates with varying rigidities are expected to trigger different mechanotransduction responses. Using closely arranged nanostructures, in particular, nanobars that have self-references, the local curvature effect can be easily determined. Other material properties (such as porosity and chemical composition) may also affect cell behavior, so they should be scrutinized according to the research purpose.
Design of nanostructures
The design of nanostructure patterns should also be planned with respect to the intended biological studies. Several key parameters of the nanostructures should be considered: shape, height, spacing, size, and array arrangement (Fig. 1) .
The shape of the nanostructures determines whether membrane deformation is positive (invagination toward the cell body) or negative (protrusion toward the extracellular space). These two types of curvatures are involved in distinctive cellular processes and are expected to recruit different proteins. Of note, a negative membrane curvature is relatively difficult to generate; previous studies have shown that the plasma membrane does not protrude far enough to conform to pore-like structures 36 . We define the curvature value by the diameter of the curved part of the nanostructure. The measurements of the curvatures designed in this protocol can be found in Supplementary Fig. 1 and Supplementary Table 1. The height of the nanostructures is usually chosen to be 1-2 µm, which induces a good amount of membrane curvature without substantially perturbing cell behaviors. For spacing between nanostructures, we usually choose 2-5 µm. The plasma membrane does not fully wrap around dense nanostructures, and very sparse nanostructures will induce fewer curved membrane sites for observation and analysis. The size of the nanostructures determines the value of the induced membrane curvature. For example, 100-nm-diameter nanopillars will generate a higher curvature value than 900-nm-diameter nanopillars. We have shown that protein accumulation strongly depends on the value of membrane curvature 39 . The fabrication procedure described here can generate nanopillars with a diameter lower limit of 50-100 nm, and no upper limit. For cellular studies, the 100-to 1,000-nm range would be a good starting point. Large-area patterns can be designed with arrays of uniform nanostructures, or arrays of nanostructures with different size parameters. For example, we have used a gradient nanopillar array to quantitatively measure the curvature preference of proteins. Gradient nanopillar arrays are composed of nanopillars with gradually increasing (with a 32-nm incremental step) diameters from 100 to 1,000 nm. Gradient arrays of other shapes can be easily designed. In addition to the design of nanostructures, we recommend fabricating fiducial markers (e.g., square patterns or letters) that are on a micrometer scale and located at the corners of the nanostructure array used for membrane deformation. Owing to the small size of nanostructures, they are often not visible under an optical microscope, making it difficult to locate the positions of curved membranes. Micrometer fiducial markers are easily observable, making it much easier to locate the nanostructures. We have provided some example design files in Supplementary Data 1.
Analytical methods
To observe the effect of membrane curvature on intracellular proteins and cellular processes, we typically use fluorescence imaging. Both immunostaining after fixation and live-cell imaging after transfecting cells with target proteins fused to a fluorescent protein are compatible with our system. Using the nanostructure platforms, both the curvature value and the location of the membrane curvature are precisely defined, which makes it possible to perform meaningful quantitative analysis. We developed a MATLAB graphical user interface (Supplementary Data 2) that measures the fluorescence intensity at each nanostructure location and averages over thousands of nanostructure pictures to obtain a quantitative value. It is worth noting that the fluorescently tagged proteins may appear to accumulate at nanostructure locations because of a large membrane area wrapping around the nanostructures, instead of curvature-related protein accumulation. To avoid this effect, we normalize the protein fluorescence intensity by the membrane intensity at the same location. The readout for the plasma membrane can be a fluorescent protein specifically located at the plasma membrane or a lipid dye such as CellMask. Another option is to design a nanostructure that affords two different membrane deformations and thus has an internal reference on its own. For example, the 'bar' structure we designed (Fig. 1b) has two curved ends with high-curvature values and two flat side walls with zero curvature for internal reference. The intensity readouts from the two curved ends can be normalized to the intensity readouts from the flat side walls, so that the effects of curvature are convincingly revealed. cacodylate irritates the skin and eyes and it is toxic upon inhalation and ingestion. Handle with gloves, goggles, and a mask, and work in a fume hood.
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• Glycine (BioXtra ≥99%, titration; Sigma-Aldrich, cat. no. G7430) ! CAUTION Glycine irritates the skin and eyes and it is toxic upon inhalation and ingestion. Handle with gloves, goggles, and a mask and work in a fume hood.
• Osmium tetroxide (4% (wt/vol) aqueous solution; Electron Microscopy Sciences, cat. no. 19170) ! CAUTION Osmium tetroxide is very toxic upon inhalation and ingestion. Avoid contact with the skin and eyes. Handle with gloves, goggles, and a mask, and work in a fume hood.
• Osmium tetroxide (2% (wt/vol) aqueous solution; Electron Microscopy Sciences, cat. no. 19172) ! CAUTION Osmium tetroxide is very toxic upon inhalation and ingestion. Avoid contact with the skin and eyes. Handle with gloves, goggles, and a mask and work in a fume hood.
• Potassium ferricyanide (20% (wt/vol), aqueous; Electron Microscopy Sciences, cat. no. 25102-20)
! CAUTION Avoid contact with eyes. Handle with gloves and goggles and work in a fume hood.
• Thiocarbohydrazide (Electron Microscopy Sciences, cat. no. 21900) ! CAUTION Thiocarbohydrazide is toxic if swallowed, and harmful in contact with skin or if inhaled. Handle with gloves, goggles, and a mask, and work in a fume hood.
• Uranyl acetate (ACS reagent; Electron Microscopy Sciences, cat. no. 22400) ! CAUTION Uranyl acetate is a radioactive material that is fatal if inhaled or swallowed and causes damage to organs after prolonged and repeated exposure. It has a risk of cumulative impact. Handle it with gloves, goggles, and a mask, and work in a fume hood. Wear a dosimeter.
• Tannic acid (ACS reagent; Sigma-Aldrich, cat. no. 403040) ! CAUTION Tannic acid is hazardous in the case of contact with the skin and eyes. Avoid inhalation and ingestion. Handle with gloves, goggles, and a mask, and work in a fume hood. 
Reagent setup
Cell culture medium For cell culture in an incubator, prepare 50 ml of cell culture medium by mixing 45 ml of DMEM (high glucose, without glutamine), 5 ml of FBS (10% (vol/vol) final concentration), 500 μl of P-S (1% (vol/vol) final concentration), 500 μl of 100× MEM nonessential amino acids (1% (vol/vol) final concentration), and 500 μl of Gibco GlutaMAX supplement (1% (vol/vol) final concentration). For cell maintenance during imaging, prepare 50 ml of cell culture medium by mixing 45 ml of HyClone DMEM (high glucose, with L-glutamine, without phenol red) and 5 ml of FBS (10% (vol/vol) final concentration). The cell culture media can be stored at 4°C for up to 2 weeks.
Sodium cacodylate buffer (0.1 M) Prepare sodium cacodylate buffer solution (pH 7.2-7.3) by dissolving 50 ml of 0.2 M sodium cacodylate in 50 ml of MBR water at room temperature (RT; 20-25°C). This solution can be stored at 4°C for up to a week.
Glutaraldehyde primary fixative
Dilute the stock solution of glutaraldehyde from 25% (wt/wt) to 2.5% (wt/wt) in 0.1 M sodium cacodylate solution. The solution must be prepared right before use. c CRITICAL If the required volume is substantial, it is feasible to increase the volume with MBR water and simultaneously dilute stock solutions of sodium cacodylate and glutaraldehyde. Therefore, 50% of the final volume is 0.2 M sodium cacodylate, 40% of the final volume is MBR water, and 10% of the final volume is 25% (wt/wt) glutaraldehyde.
Glycine solution
Mix 30 mg mol −1 of glycine powder in 20 ml of 0.1 M sodium cacodylate buffer until the powder becomes indiscernible. The solution must be prepared right before use.
Secondary fixative
In a chemical hood, take the glass vial containing 5 ml of 4% (wt/vol) osmium tetroxide aqueous solution, carefully break up its upper part using the ampoule cracker, and transfer the contents to a tube containing 500 μl of 20% (wt/vol) potassium ferricyanide. Add 4.5 ml of 0.1 M sodium cacodylate buffer to obtain 10 ml of secondary fixative. Cover the tube with foil and store it in the dark at RT until use. This solution must be prepared right before use.
Thiocarbohydrazide (1% (wt/vol)) Mix 500 mg of thiocarbohydrazide in 50 ml of MBR water preheated to 60°C. Invert the Falcon tube several times until the salts become indiscernible. Wait until the solution cools to RT and filter it before use with a 0.22-μm filter. This solution must be prepared right before use.
Tannic acid solution (0.15% (wt/vol)) Dissolve 75 mg of tannic acid in 50 ml of MBR water. This solution can be stored at 4°C for up to a week.
Ethanol solutions for dehydration
Prepare a series of ethanol solutions at ascending concentrations (30, 50, 70, 90 , and 95% (vol/vol)) by MBR water dilution. Store them at -20°C, so that they are ready for the operations performed on ice. However, 100% (vol/vol) ethanol should be stored at RT.
Spurr's low-viscosity embedding mixture Prepare the embedding mixture by sequentially adding 10 ml of ERL 4221, 8 ml of D.E.R. 736 Epoxy Resin, and 25 ml of nonenyl succinic anhydride, modified (NSA) to a container. After mixing them, add 301 μl of dimethylaminoethanol (DMAE) as the catalyst. All these components are included in the low-viscosity embedding media Spurr's kit. The mixture can be stored in a disposable syringe in a freezer at −20°C. Remove all the air bubbles. It is recommended to use a vacuum chamber to remove all the bubbles; otherwise, they can create artifacts in the cells (Supplementary Fig. 2 ). Cover the mixture with Parafilm in order to avoid air contact (see 'Troubleshooting' section). It is highly recommended to prepare the mixture right before use to preserve its low viscosity.
c CRITICAL If the resin is stored in a freezer, it must warm to RT before use, to prevent water condensation. It can be stored for up to 2 months.
Piranha solution
Prepare a mixture of one part hydrogen peroxide solution (30% (wt/wt) in water) and three parts concentrated sulfuric acid by slowly adding hydrogen peroxide to the sulfuric acid. Mix gently and expect the container to become hot. It is recommended to prepare fresh Piranha solution for sample cleaning each time. ! CAUTION Fast mixing may lead to boiling or splashing. Piranha solution is highly corrosive and extremely oxidative. Handling piranha solution requires complete personal protection and great care. Prepare and handle piranha solution in a functioning fume hood without the presence of organic solvent. Only use glassware or Teflon for piranha solutions. Clearly label the hood and container with a warning sign.
Gelatin in PBS (0.1% (wt/vol)) Prepare 2% (wt/vol) gelatin solution by adding gelatin to DI water. Dissolve the gelatin and sterilize by autoclaving at 121°C, 15 p.s.i. for 15 min. Cool the solution to RT and prepare 0.1% (wt/vol) gelatin in 1× PBS by mixing 2% (wt/vol) gelatin solution, 10× PBS, and DI water. Gelatin in PBS can be stored at 4°C for up to 2 weeks.
Electroporation buffer I
Dissolve ATP disodium salt hydrate and magnesium chloride hexahydrate in DI water. The final concentrations of ATP and magnesium chloride are 360 and 600 mM, respectively. Sterilize the solution with a 0.22-µm syringe filter. This solution can be divided into aliquots of small volumes (such as 20 µl) and stored at −20°C for up to 2 months; it should be thawed to RT before use. Avoid repeated freeze-thaw cycles.
Electroporation buffer II
Prepare an aqueous solution containing 88 mM potassium phosphate, monobasic, and 14 mM sodium bicarbonate, pH 7.4. Sterilize the solution with a 0.22-µm syringe filter. This solution can be stored at 4°C for up to 2 months.
PFA solution (4% (wt/vol)) Heat 10× PBS to~60°C and add PFA powder to it. Slowly add 1 M NaOH dropwise while stirring until the solution becomes clear. Cool the solution to RT. Adjust the pH to 6.9 with diluted HCl. Dilute the solution with DI water to reach a final concentration of 4% (wt/vol) in 1× PBS.
Sterilize the solution with a 0.22-µm filter unit. Prepare aliquots of the solution and store them at −20°C for up to 6 months.
Equipment setup
E-beam lithography system
The JEOL E-beam lithography system used in this protocol requires several setup steps before the sample can be loaded and the job files can be executed: 1 Set the electron optical system (EOS) to the parameters that are required for the fabrication. We advise running test samples and finding the EOS settings that provide sufficient writing resolution for the designed patterns while taking the least amount of time. For E-beam writing with the JBX-6300FS E-beam lithography system and 275-nm-thick 9% (wt/wt) CSAR 62 E-beam photoresist, we use a 9,000 pA current and a 130-μm aperture diameter with EOS mode 3 (fast mode). 2 Tune the exposure dose to be used in tests. We recommend fabricating a series of simple patterns (such as dots) with various sizes and developing the samples after exposure to see which of the doses generate precise nanostructures. 3 After loading the samples into the fabrication chamber, perform calibrations to confirm that the equipment is running properly before E-beam writing.
In addition to the equipment settings, the JEOL E-beam lithography system we use reads exposure details in jobdeck (.jdf) and schedule (.sdf) files, and it requires preparation as follows: 1 Save the design files generated with CAD software in a GDSII format (as a .gds file). 2 Convert the .gds file to J52 v.3.0 (a .v30 file) with the BEAMER software (Fig. 2, left) . BEAMER features a flowchart user interface. Two modules should be linked: 'In GDSII' imports the .gds file of the nanopattern design; 'Out JEOL52' then exports the design into the .v30 file. 3 Save the workflow as a .ftxt file. When converting a new .gds file, replace the input file and adjust the settings to cover the entire nanopattern design. The settings in the conversion should be scrutinized to verify that the patterns fractured by the software maintain sufficient accuracy (Fig. 2, right) . 4 Edit the .jdf and .sdf files to describe the exposure details. The .jdf file specifies the substrate, arrangement of patterns (.v30 files), sequence for writing patterns, and exposure methods, among others. The .sdf file cites the .jdf, and contains such information as the overall offsets of patterns in the exposure window and dose variations. 5 After the files are edited, store them in the control computer of the E-beam lithography system and compile them into a single magazine (.mgn) file executable by the system. Software setup L-Edit is used to design the nanopatterns (i.e., the top view of the nanostructures). The original file format of L-Edit is .tbd, and it should be exported to a .gds file, which is used in many types of nanofabrication software and equipment. ImageJ is open-source software and can be downloaded from https://imagej.nih.gov/ij/. In this protocol, ImageJ is mainly used to view the .tif files obtained from cell imaging. It is also used to perform background subtraction (rolling-ball method) before running the customized MATLAB code for image analysis. Data 1) . c CRITICAL STEP The important factors in designing the nanostructures are discussed in 'Design of nanostructures' in the 'Experimental design' section. The top view of the nanopatterns defines the key parameters, including curvatures and pitch, and the overall size of the nanostructures. We recommend drawing relatively large marks next to nanostructure areas to help locate the region of interest (ROI) under a microscope and writing information about the design as a signature to help identify the design (Fig. 2) . 2 Convert the .gds design file into .v30 files in the BEAMER software (Fig. 2) . Edit the jobdeck file (.jdf) and schedule file (.sdf). Store all the files in the control computer of the JEOL E-beam writer and compile them into a single magazine (.mgn) file. Details are provided in the 'Equipment setup' section.) c CRITICAL STEP The design file conversion is described in 'Software setup' in the 'Equipment setup' section. Researchers are advised to make sure they understand the file system and the syntax of the E-beam writing system used before undertaking these steps. is applicable to various substrate materials, and most of the steps ought to be done in clean rooms to minimize impurities on the chips (Fig. 3) . 3 Cut a 100-mm quartz (or Si) wafer into 20 × 20-mm square pieces with the DISCO wafersaw. Mark the top surface of each piece with a diamond-tipped stylus. 4 Sonicate the substrate pieces in acetone for 5 min. Multiple pieces can be placed in one dish of sufficient acetone to save time, under the premise that they do not overlap during sonication. 5 Wash the pieces with a squeeze bottle filled with IPA to remove the acetone. Place the cleaned substrate pieces into a dish of IPA. 6 Sonicate the substrate pieces in IPA for 5 min. Multiple pieces can be placed in one dish of sufficient IPA to save time, under the premise that they do not overlap during sonication. 7 Blow-dry the pieces with nitrogen (N 2 ) gas. 8 Heat the substrate pieces on a 90°C hot plate for 10 min to ensure that the pieces are completely dry. 9 Inspect the pieces with an optical microscope to verify that the surfaces are clean. c CRITICAL STEP It is very important to thoroughly clean the substrate pieces; this should be done in a clean room. Impurities on the substrate surface may result in a nonuniform E-beam resist coating and detachment of the Cr mask in the liftoff step. Protect the top surface of the substrate piece from scratching. j PAUSE POINT The cleaned substrate pieces can be kept in a clean container for up to 1 week. The container should be opened only in a clean room to avoid particle contamination of the surface. 11 Spin-coat 9% (wt/wt) CSAR 62 at 2,000 r.p.m. to generate a 275-nm layer of E-beam resist (in reference to the calibration curve of the manufacturer). 12 Bake the substrate pieces for 2 min at 80°C. 13 Spin-coat Electra 92 at 1,000 r.p.m. to generate a 100-nm conductive coating (in reference to the calibration curve of the manufacturer). c CRITICAL STEP Electra 92 is chosen to reduce the charging effect of insulating substrates (i.e., quartz) in E-beam writing, because it is easy to apply and to remove with simple DI water washing. It is compatible with non-novolac E-beam resists, including CSAR 62. When a different E-beam resist is used, its compatibility with Electra 92 should be checked. 14 Bake the substrate pieces for 2 min at 80°C. 15 Inspect the E-beam resist and conductive coating with an optical microscope. If defects are observed in the regions for exposure, consider cleaning the substrate (Steps 3-9) and redoing the coating (Steps 10-15). Electra 92 can be removed by DI water, and CSAR 62 can be removed by sonication in acetone. j PAUSE POINT The coated substrate pieces can be kept in a clean container for multiple days. The container should be opened only in a clean room.
Procedure
Part 1, nanofabrication: design of nanostructures and fabrication file preparation • Timing 1-2 h 1 Draw the top view of the nanopatterns in L-Edit and save the design as a .gds file (Supplementary
Part 1, E-beam writing and development • Timing 3 h
16 Set the JEOL JBX-6300FS E-beam writer (Fig. 4a) to EOS mode 3 with 9000-pA current and a 130-μm aperture diameter. Details are provided in the 'Equipment setup' section. 17 Load the substrate pieces to an E-beam writer cassette (Fig. 4b) . c CRITICAL STEP The JEOL JBX-6300FS E-beam writing system has a set of sample holders with varied configurations (particularly in regard to the windows for writing on the samples). Choose a standard holder that has a sufficient exposure window for all the patterns to be written. Ensure that the sample surface with the E-beam resist and conductive coating is on the top and the conductive coating is in contact with the sample holder. c CRITICAL STEP The Electra 92 coating must be electrically grounded to the E-beam writer to eliminate the charging effect. The sample holder used in this protocol is conductive, so a proper contact between the surface of the sample periphery and the sample holder provides the grounding. There is a backing plate and a spring underneath the sample to push the sample against the holder for a tight seal. 18 Load the cassette into the E-beam writer. 19 Run calibrations in the E-beam writer user interface to align the beam and confirm that the equipment functions properly. 20 Run the .mgn file generated in Step 2 to write. The writing progress can be monitored in the E-beam writer user interface. c CRITICAL STEP The writing time depends on the pattern area, dose, and current, among other parameters. We normally place two 20 × 20-mm square pieces into the cassette in a given writing session (Fig. 4b) . Each substrate piece contains four 3-× 3-mm nanopattern arrays. To save time, load more samples into the cassette, because multiple loadings require extra chamber pumping and venting, as well as calibrations. 21 After writing, carefully take the substrate pieces off the cassette and avoid scratching the surface. 22 Remove the protective Electra 92 coating with running DI water. Blow-dry the substrates with an N 2 gun. 23 Place the substrate pieces in a dish of xylene for development, and lightly agitate the liquid for 40 s. 24 Take the substrate pieces out of the xylene, and wash them with IPA from a squeeze bottle. 25 Place the substrate pieces in a dish of IPA, and lightly agitate the liquid for 10 s. 26 Take the substrates out of IPA and blow them dry with an N 2 gun. 27 Inspect the substrates with an optical microscope. The nanoscale patterns should be visible under an optical microscope (Fig. 5a-c) . j PAUSE POINT The developed substrate pieces can be kept in a clean container for up to 1 week. The container should be opened only in a clean room. speed. To achieve a uniform coating, we recommend rotating the sample holder during deposition. j PAUSE POINT The deposited substrate pieces can be kept in a clean container for up to 24 h. The container should be opened only in a clean room. Note that metals might become oxidized after a long storage and it becomes difficult to remove them in liftoff. 30 Wash the substrate pieces with a squeeze bottle filled with acetone to remove the E-beam resist and the Cr layer. The Cr film detachment should be visible. 31 Before the substrate pieces dry, place them in a dish of acetone. Sonicate them for 4 min. 32 Take the substrate pieces out of the acetone and wash them with a squeeze bottle filled with IPA. 33 Immerse the substrate pieces in IPA and sonicate them for 4 min. 34 Inspect the substrate with an optical microscope. The nanopatterns should be visible (Fig. 5d-f) . c CRITICAL STEP The liftoff step is critical and requires careful optimization. Insufficient liftoff fails to remove the Cr layer effectively, which may generate (i) abnormal Cr patterns that compromise the pattern-transfer accuracy in etching and (ii) residues on the chip (especially among the dense Cr patterns) that interfere with etching or generate a non-smooth substrate surface after etching. Excessive liftoff may damage or remove Cr patterns. A substrate surface that is not sufficiently clean may also cause detachment of Cr patterns (Supplementary Fig. 3 ). It is prudent to frequently inspect the substrate after a round of acetone and IPA sonication, to decide whether further sonication is required. In addition, we advise lifting off one substrate at a time and using fresh acetone and IPA each time, to minimize interference from Cr waste in the liquid and to control the liftoff process more closely. 35 Cut each substrate piece into individual 10 × 10-mm chips with the DISCO wafersaw. Set the parameters appropriately so that the pieces are not cut through and can be broken later by bending along the notches ( Supplementary Fig. 4 ). j PAUSE POINT The chips can be kept in a clean container until etching is required.
Part 1, dry etching • Timing 1 h
36 Clean the substrate pieces in acetone and IPA in sequence, and blow-dry them with an N 2 gun to remove possible dust and residue generated in the cutting process. 37 Load a dummy wafer into the oxide etcher and run a cleaning recipe to remove any possible residue left from a previous etching session. 38 Load a dummy wafer again and execute the etching recipe to season the chamber and verify that the equipment runs properly. 39 Take a clean wafer as the carrier. Apply small drops of Santovac pump oil to the carrier wafer and place the chips on top of the oil drops. The oil facilitates thermal transfer. Make sure that the side with the Cr mask faces up. Press the chips so that the oil spreads well underneath them ( Supplementary Fig. 4 ). Attach the corners of the chips to the carrier wafer with Kapton tape. Blow the chips and carrier wafer with an N 2 gun to clean the surface. 40 Load the wafer carrier with chips into the oxide etcher and run the etching procedure. Gas stabilization and ignition steps are normally run before the main etching step. We use a C 4 F 8 -based etching recipe for quartz and a CF 4 -based recipe for Si (Tables 1 and 2 ). 41 After etching, remove the substrate pieces from the carrier wafer and carefully remove the oil from the bottom of the chip with an acetone-soaked wipe. 42 Break the pieces into individual chips by flexing along the cut notches made by the wafersaw. 43 Inspect the chips with SEM. Si chips can be directly observed with SEM, whereas quartz chips typically require the sputtering of a conductive layer before imaging (Fig. 6) . c CRITICAL STEP SEM inspection reveals information needed to evaluate the nanofabrication quality. We normally assess the integrity of nanostructure patterns (e.g., whether a substantial part of a nanostructure area is missing), the overall shape of the nanostructures, the curvature of the nanostructures, and the dimensions of the nanostructures (height, width, and pitch). Measurements can be done in the SEM user-interface software. We also intentionally compare the nanostructures obtained from different batches to see whether the conditions (such as the etching rate) of the oxide etcher have changed. Considering that etching is an irreversible process, it is highly recommended to carry out this step with caution. The etching rate should be calibrated to decide the etching duration. If the height of the nanostructures is less than expected, samples can be etched further, as long as the Cr mask has not yet been removed. ? TROUBLESHOOTING j PAUSE POINT The chips can be kept in a clean container until cleaning.
Part 1, chip cleaning • Timing 2 h
44 Place the chips in a Cr etchant for 10 min. If the chips were coated with a conductive layer for imaging (e.g., 10-nm Au coating, Step 43), removal of the conductive layer should be done in advance (e.g., gold etchant before Au coating). 45 Clean the chips with DI water. 46 Clean the chips in freshly prepared piranha solution heated to 80°C for 1 h.
! CAUTION Piranha solution, especially when heated, is highly oxidative and volatile. The cleaning step should be conducted in a fume hood with complete personal protection. 47 Thoroughly rinse the chips with DI water and blow-dry them with air. j PAUSE POINT The cleaned chips can be kept in a clean container until the cell experiment. 49 On the day that cell culture is started on nanochips, clean the top surface of the nanochip with a plasma cleaner for 20 min. c CRITICAL STEP Cells often require specific surface treatment methods for satisfactory attachment to the nanochips. Gelatin coating on a glass surface (Steps 51-55) is a relatively common procedure for U2OS and HEK cell culture ( Supplementary Fig. 5 ). Sometimes a different surface treatment is needed. For NIH/3T3 and COS-7 cells, we coat the chips with PLL. PLL coating is performed by immersing the chip in 0.01% (wt/vol) PLL at 37°C for 1-2 h. Gently wash the chip with PBS. U2OS cells do not spread well on a PLL-coated substrate. We highly recommend comparison of different surface treatment strategies to determine which is optimal for attachment and growth of a specific cell line. 50 For live-cell imaging at high magnification, punch a hole (diameter <10 mm) in a 35-mm cell culture dish. Carefully place a nanofabricated thin quartz chip (200-μm thickness, from
Step 47) to cover the hole from the outside, with the nanopatterns facing the inside of the dish. Apply nail polish at the corners to anchor the chip and air-dry for 2 min. Seal the chip to the dish by carefully painting the edges with more nail polish, and repeat multiple times if necessary. Air-dry for at least 15 min before coating. c CRITICAL STEP The imaging setup ought to be chosen in accordance with the research purpose. We recommend three setups (Fig. 7) . When imaging cells at low magnification (e.g., 10× or 20×), which normally has a long working distance, a thick nanochip can be placed upright in a regular Petri dish (Fig. 7a) . When imaging fixed cells at high magnification (e.g., 60× or 100×), which normally has a short working distance, a thick nanochip can be flipped and placed in a glassbottom Petri dish (Fig. 7b) . For live-cell imaging at high magnification, a thin nanochip can be glued to a Petri dish bottom, as described in the above step (Fig. 7c ). An oil immersion objective with a high numerical aperture (NA) should be used to ensure that the nanostructures are resolved. A 100× oil immersion objective with an NA of 1.4 was used for the data presented in this protocol. c CRITICAL STEP Nail polish is used in this protocol because of the ease with which chips can be attached and detached. To eliminate the toxic solvent, nail polish applied to attach the chip should be completely dry before cell culture. The Petri dish attached to the chip is subsequently exposed to UV light for sterilization. We have not noticed a lower cell viability or abnormal cell behaviors in the experiments described in the protocol, but it is possible that other cell types might be affected by the presence of nail polish. Therefore, we advise preliminary tests of cell viability in such experiments. For example, cell viability can be compared between thin nanochips placed in a regular glass-bottom Petri dish and thin chips glued to a Petri dish. Other biocompatible and reversible adhesives can also be used in this protocol. 51 For gelatin coating, drop 10 µl of undiluted APTES onto the chip. Make sure that it spreads to the entire chip surface. Incubate the chip at RT for 5 min before removing the APTES with DI water. 52 Treat the chip with 0.5% (wt/wt) glutaraldehyde (in PBS) at RT for 30 min. 53 Wash the chip with PBS using a pipette. 54 Pre-warm 0.1% (wt/vol) gelatin in PBS solution to 37°C for complete liquefaction. Treat the chip with the gelatin solution at RT for 30 min. 55 Use a pipette to gently wash the chip with PBS; keep the chip in PBS solution before cell plating. 
Part 2, cell imaging • Timing variable
61 Before live-cell imaging, change the cell culture medium to a pre-warmed (37°C) and cell culture medium without phenol red. 62 Image the live cells with an epifluorescence microscope equipped with the appropriate light source, optical filter cubes, high-magnification objectives, and objective heater and chambers, providing a humidified 5% CO 2 atmosphere at 37°C. Use an adaptive perfect focus or similar system to avoid focus drift if time-lapse imaging is required. Focus and sample drift affect the following image analysis. Use a light intensity that is as low as possible, and optimize focus and exposure time to as short as possible to minimize photobleaching of fluorescent proteins. c CRITICAL STEP Successful membrane curvature generation with nanostructures is the basis for studying curvature-related phenomena in cells. Therefore, we advise labeling cell membranes with appropriate tags (e.g., EGFP-CAAX for the plasma membrane) in preliminary experiments (Fig. 8) . 63 (Optional) To image fixed cells, first wash the cells with PBS 24-36 h post transfection and fix the cells with 4% (wt/vol) PFA in PBS at RT for 15 min. Wash the fixed cells with PBS three times. If staining is required, treat the fixed cells with dye and antibodies, following the manufacturers' instructions. 64 Nanochips are reusable. After imaging, treat the chips with 0.25% (wt/vol) trypsin-EDTA for 30 min at 37°C to detach the cells, and dissolve the dry nail polish by incubating the used culture dish in absolute ethanol for 2 h. Carefully detach the chip from the culture dish and let ethanol evaporate completely. Clean the chips in freshly prepared piranha solution. Rinse the chips thoroughly with DI water. Air-dry the chips. c CRITICAL STEP The chips should be cleaned only with acids; strong bases and other glass etchants must be avoided. Nanostructures are also susceptible to mechanical wear. Be careful not to scratch the nanostructures when handling the chip with metal tweezers. j PAUSE POINT The chips can be kept in a clean container until next use.
Part 2, image analysis • Timing variable
65 Process and analyze the images using ImageJ and MATLAB. We use a custom-written MATLAB code (Supplementary Data 2) to generate an array of square masks covering the nanobars in the bright-field image (Box 1, Supplementary Fig. 6 ). These masks are then applied to the corresponding fluorescence image (of the mCherry-CAAX or DNM2-EGFP channels, in our example), and an intensity threshold is used to select only the pillars covered by cells. Finally, the selected nanopillar areas are averaged to create an image of protein accumulation. For time-lapse imaging (e.g., images taken every 2 s over a 4-min period), the images are averaged in ImageJ before analysis. For quantitative analysis, the images are processed by a rolling-ball background subtraction with a radius of 5 μm before analysis. The fluorescence intensity in 500-nm 2 squares centered at the end and side of each nanobar are integrated and compared separately to calculate the nanobar end-to-center ratio. 66 Conduct statistical analyses in GraphPad Prism. Set the significance level (α) to 0.05. Report the results as P = P value and t (degrees of freedom (df)) = t value.
Part 3, FIB-SEM: cell fixation • Timing 3 h c CRITICAL The FIB-SEM process (Steps 67-120) requires multiple sample treatments and careful operations with FIB-SEM equipment (Fig. 9) . 67 Before starting the fixation procedure, it is best to cover the workbench with paper towels and foil.
In this way, it is possible to confine potential spills onto the workbench. 68 Completely remove the culture medium (from Step 59) with a pipette, while tilting the culture dish.
Be careful not to touch the cells or structures. 69 Wash the sample by immersion in 0.1 M sodium cacodylate solution for 5 min at RT. 70 Fill a bowl with ice and cover it with foil. c CRITICAL STEP Steps 71-76 must be carried out on ice. 71 Immerse the cell sample in a primary fixative (2.5% (wt/wt) glutaraldehyde) for 1-2 h at RT or overnight at 4°C. 72 Remove the fixative and immerse the sample in 0.1 M sodium cacodylate buffer for 5 min at 4°C.
Repeat three times. c CRITICAL STEP This step must be carried out on ice. Fill a bucket with ice, place the container of the sample in ice, and cover it with foil while waiting. j PAUSE POINT It is possible to store the sample in sodium cacodylate buffer for up to 5 d. For longer storage, it is better to proceed to Step 74. 73 Replace sodium cacodylate buffer with 20 mM glycine solution, and keep the sample submerged for 20 min at 4°C. 74 Wash the specimen with sodium cacodylate solution three times at 4°C, for 5 min each time. j PAUSE POINT Samples can be stored for up to 1 week in 0.1 M sodium cacodylate solution after the first fixation in glutaraldehyde, but it is better to process the samples until Step 76 in order to obtain better preservation on cell membranes. 96 Remove as much resin as possible with a plastic pipette without touching the sample. Carefully remove all the resin excess around and underneath the sample with absorbent paper. 97 Place the sample in a vertical position, so that excess resin collects at the base due to gravity.
Samples can remain vertical for 1-3 h, depending on the desired thickness of the resin layer. The longer the sample remains vertical, the thinner the resin layer will be. 98 Hold the sample in a slightly tilted position with tweezers and gently wash the surface by pipetting ethanol. 99 Hold the sample in a horizontal position and gently wash it by pipetting ethanol. Wait for 5 s and tilt the substrate to let the ethanol flow away. The volume of ethanol used for the final wash depends on the surface area of the sample. Dry the bottom of the sample with paper. c CRITICAL STEP Removing too much resin may cause artifacts such as cracks in the cell layer or in organelles and intracellular cavities (Supplementary Fig. 7 ). ? TROUBLESHOOTING 100 Lay the sample on the cleaned and labeled support. Wait for at least 5 min, to allow the ethanol to evaporate, before curing the sample in an oven preheated to 70°C. Keep the sample in the oven for 12 h. j PAUSE POINT Resin-embedded samples can be stored for the long term (up to 2 years) without water contact. Water absorption can lead to sample deterioration. Part 3, sample preparation for imaging • Timing 100 min 101 Place the sample onto a SEM pin stub. Cover the sample edge with silver conductive paint and draw a continuous line from the top of the sample down to the stub, to electrically connect the sample surface to the stub. Leave the silver conductive paint to dry for 1 h before inserting the sample into the FIB-SEM chamber. c CRITICAL STEP Although the UTP procedure includes heavy-metal staining, cells are mostly insulating. Adding a conductive layer to the sample mitigates the charging effect in imaging ( Supplementary Fig. 8) . 102 Place the sample inside the sputter coater and deposit a 10-nm-thick layer of gold. The thickness of gold can be adjusted according to the fine structure of the sample to image. 103 Mount the sample inside the dual-beam chamber of the FIB-SEM equipment. 104 Pump the chamber to high vacuum. 105 Center the stage in reference to the E-beam gun. c CRITICAL STEP Be careful when moving the stage inside the chamber and avoid hitting the guns.
Troubleshooting
Troubleshooting advice can be found in Table 3 . Fig. 2) When the resin components are mixed, air can be trapped inside
The resin should be gently poured into the container to avoid trapping air. After resin dropping, place the container in a vacuum chamber until there are no more trapped bubbles 34 Missing Cr masks ( Supplementary Fig. 3 )
Excessive sonication or unclean surfaces on the substrate pieces that make Cr attachment to the substrate less firm
The initial cleaning of the substrate must be thorough, and the substrate should be carefully checked to make sure that there is no stain left in the region to be patterned. During the sonication process for liftoff, the chip should be frequently checked 43 Collapse of nanostructures ( Supplementary Fig. 11 Fig. 7 )
Leaving the sample vertical for too long or washing the sample with too much ethanol can cause detachment of cells and cracks in cellular structures
The optimal resin removal depends on the area of the sample. Before washing the critical samples, test dummy samples of an area comparable to that of the experimental samples 110
Charging in SEM imaging ( Supplementary Fig. 8 )
The sample is not conductive enough or is not well grounded
Properly ground the sample to the sample holder by connecting them with conductive paint. We suggest deposition of~10 nm of metal onto the specimen. This thickness can be adjusted depending on the sample composition (nonconductive polymer-based samples might need 20-25-nm-thick metal) 119
Curtaining effect (i.e., increased surface roughness in the direction of the milling depth) in polishing a cross-section ( Supplementary Fig. 10 )
Underdose of the I-beam Use low polishing currents (i.e., 80 pA) at a voltage of 30 kV
Anticipated results
Nanostructures obtained with this fabrication method are shown in Fig. 6 . After proper surface treatment (Steps 49-55) and cell plating (Steps 56-60), cells on the nanostructures should grow well and their plasma membranes should conform to the nanostructures. This cell culture system can be used for various research purposes when combined with imaging, perturbation, and measurement techniques. In this section, we present results from live-cell imaging with fluorescence and from FIB-SEM imaging.
As an example, cells were transfected with EGFP-CAAX, which labels the plasma membrane, and were stained with Hoechst to visualize the nucleus (Fig. 8a) . The plasma membrane tightly wraps around the 200-nm-diameter pillars, which are seen as fluorescent puncta spots because the nanopillar diameter is beyond the resolution of the epifluorescence microscope. The nuclear staining with Hoechst contains voids, indicating that the nucleus is also deformed by the nanopillars. Figure 7b ,c shows membrane wrapping around 200-nm-wide nanobars and CUI patterns. In particular, the EGFP-CAAX renders complete CUI patterns, including the negative curvatures in C and U, implying that negative plasma membrane curvatures were also successfully induced.
To demonstrate the potential application of our nanostructure platform, we probed the localization of DNM2 in different cell lines cultured on nanobars. DNM2 is a GTP-binding protein responsible for the scission of plasma membrane budding in CME. Cells transfected with either DNM2-EGFP or mCherry-CAAX were imaged over time and the obtained images were averaged to register the protein localization. Figure 10 shows representative results obtained from fluorescence imaging. mCherry-CAAX, which labels the plasma membrane, shows the outline of the nanobars, confirming that the plasma membrane is deformed by wrapping around nanostructures (Fig. 10a) . By contrast, Fig. 10b-d illustrates that DNM2-EGFP prefers a high-curvature membrane (200-nm-wide bar ends) in the tested cell lines (e.g., U2OS, NIH/3T3, and COS-7). This preferential accumulation is more apparent when the fluorescence images of all the 200-nm-wide nanobars are averaged (insets of Fig. 10e ). We used our MATLAB code (Supplementary Data 2) to analyze the fluorescence intensity values at the ends and centers of 200-nm-wide nanobars, and calculated the intensity ratio between the ends and the centers of each nanobar. The DNM2-EGFP intensity ratios in all the cell lines are~2, whereas the mCherry-CAAX intensity ratio in U2OS cells is 1.32. The statistical analysis of the intensity ratios confirms that there is a significant difference between mCherry-CAAX and DNM2-EGFP in U2OS cells (P < 0.0001). We also show an epifluorescence image of cells on a gradient nanobar array (100-1,000-nm-wide bars) (Fig. 10f) . When the fluorescence images of each nanobar configuration are averaged (Fig. 10g) , it is revealed that DNM2-EGFP recruitment is reduced with thicker nanobars. Figure 11 displays the images obtained via the FIB-SEM technique. UTP is able to preserve the fine structure of cells on the nanostructures (Fig. 11a) . It is sometimes observed that the plasma membrane extends along the nanostructures (inset, Fig. 11b) . By following the cross-sectioning and polishing steps described in the FIB-SEM section of the protocol and adjusting the imaging settings, the interface between nanostructures and the cell membrane can be clearly revealed (Fig. 11c) . A closer look at individual nanostructures allows the measurement of the cleft between the plasma Statistical significance of mCherry-CAAX versus DNM2-EGFP in U2OS was evaluated by a Kolmogorov-Smirnov unpaired data test without assuming a Gaussian distribution (****P < 0.0001; n U2OS-CAAX = 181; n U2OS-DNM2 = 78; n NIH/3T3-DNM2 = 41; n COS-7-DNM2 = 109). f, Fluorescence and bright-field images of U2OS cells expressing DNM2-EGFP on a gradient nanobar array of 100-1,000-nm in width. g, Averaged fluorescence images of DNM2-EGFP on nanobars ranging from 100 (far left) to 1,000-nm (far right) in width (n = 65, 56, 67, 63, 59, 37, 45, 53, 54, and 56, from left to right), with a 100-nm incremental step. All the micrographs were generated by averaging fluorescence images taken in live-cell imaging. All the nanobars are 1 µm in height and 2 µm in length. Scale bars, 5 µm (a-d, f, main); 1 µm (a-d, insets); 2 µm (e,g). BF, bright field.
membrane and the nanostructure surface (Fig. 11d) . Thanks to the heavy-metal staining, cell organelles can also be observed.
Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Code availability
The MATLAB script for fluorescence protein image analysis on nanostructures is available as Supplementary Data 2 of this article. 
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